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ABSTRACT

The objective of the Turbine Drive Combustor Technology program was to advance the

technology of low-mixture-ratio, O2/H2, coaxial element ignition and combustion. This

would help to determine possible mechanisms of the erosion of the Space Shuttle Main

Engine preburner injector face and oxidizer injection posts and the reasons for the spatial

temperature variations in the turbine entrance gas flow and to develop methods for mini-

mizing these conditions, in order to generate an improved preburner design. To achieve

this objective, a combustion/flow computer code was developed (Advanced Rocket Injec-

tor Combustion Code, ARICC) and an extensive series of GOX/GH2 and LOX/GH2 hot-fire

tests of single- and multi-element coaxial injectors was carried out.

ARICC was based on an existing CFD code, which was broadened and enlarged into a

comprehensive combustion analytical tool.

The hot-fire tests provided experimental information on preburner injector ignition and

combustion characteristics and durability, as well as data for anchoring ARICC. High-

speed laser schlieren and ultraviolet motion pictures of the injector flames in these tests

provided insights to the possible mechanisms of face and oxidizer post erosion. The tests

disclosed the existence of a flame-holding zone in the wake region at the tip of the oxi-

dizer post. Such flame holding is required for maintenance of steady-state O2/H2 combus-

tion at mixture ratios less than one. Mechanisms are suggested for preburner ignition

based on a pressure surge in the combustor, which slows or stops the flame at the ele-

ment exit, or by recirculation of hot gases in the flame-holding zone. These mechanisms

may account for the "pops" observed in the ignition stage of the SSME preburners and for

erosion of the LOX post tips of the coaxial elements.

An attempt was made to design an improved preburner to supply low-mixture-ratio,

O2/H2, turbine drive gas, based on the analytical and experimental data generated in this

program.
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SUMMARY

The purpose of this program was to advance existing knowledge of the ignition and com-

bustion processes characteristic of oxygen/hydrogen coaxial injection elements at low mix-

ture ratios, to support the design of reliable and durable preburner injectors. This general

objective was achieved in three specific tasks: developments of an advanced combustion/

flow analytic code, generation of experimental cold-flow and hot-fire photographic data to

gain insight into low-mixture-ratio O2/H2 ignition and combustion, and design of an im-

proved LOX/GH2 preburner applicable to the SSME operating conditions.

An Advanced Rocket Injector Combustion Code (ARICC) was developed by modification of

an existing program, to provide better modeling of real atomization, vaporization, mixing,

and chemical processes. ARICC has a modular structure which permits continuous refine-

ment of individual sections. The code incorporates two-phase flow and a full range of

O2/H2 kinetic chemistry, as well as a generic grid-generation scheme. Some of the data

generated in the experimental tasks of this program were used to anchor ARICC.

Nearly all of the experimental tests were carried out with a single-coaxial-element injector

modeled after the element in the SSME oxidizer preburner. These included cold-flow

velocimeter tests with propellant simulants (He and GN2), to define the flow field produced

by the element, for ARICC anchoring, low-pressure ignition tests, and three series of

steady-state "mainstage" tests.

Two high-speed optical diagnostic systems provided most of the hot-fire test data in this

program. They were focused on the injection/combustion zone of a solid-wall, uncooled

combustion chamber fitted with two large fused-silica windows. One diagnostic was a

high-speed (4000 to 9000 frames per second) laser schlieren cinematographic system, for

observation of fluid motions, flame propagation, and varying temperature zones. The other

was a high-speed (up to 4000 frames per second) ultraviolet cinematographic system for

location and observation of combustion reaction zones.

The most important result of the hot-fire test effort was the discovery of the existence of a

flame-holding zone at the tip of the coaxial element oxidizer post. The mechanism of this

occurrence is such that the flame is held at the tip even when the incoming propellant jet

velocities are up to five times greater than the flame propagation speed of the correspond-

ing well-mixed gas. This flame-holding zone is required to sustain steady-state O2/H2

combustion at mixture ratios less than one. After the flame-holding zone ignites, the mix-

ture ratio of the incoming propellant flow can be lowered well below the mixed-gas flam-

mability limit without extinguishment of the flame. If ignition of the flame-holding zone
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depends on combustion propagation through the recirculating gases or through the incom-

ing jets, the latter must be temporarily slowed, stopped, or reversed, otherwise ignition at

the LOX post tip will not take place. This disturbance of the incoming propellant flows may

be the cause of the pops which sometimes occur during SSME preburner ignition.

The degree of erosion ("nibbling") of the LOX post tip varies inversely with the capability

for heat removal away from the tip.

An attempt was made to design the components of an improved, subscale, SSME-type

preburner, on the basis of the analytical and experimental information gained in this pro-

gram.
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INTRODUCTION

Turbine drive combustors, which generate the gases that power rocket engine turbo-

pumps, are also referred to as turbine gas generators or preburners. Current models, such

as the oxidizer preburner (OPB) and fuel preburner (FPB) in the Space Shuttle Main En-

gine (SSME), are required to ignite at O2/H2 mixture ratios as low as 0.3. This is substan-

tially lower than the flammability limit (1.0 at ambient temperature) of the well-mixed

gases. Although, in practice, preburner ignitions are routinely obtained, some delayed

ignitions have occurred; and since ignition repeatability is sensitive to small flow variations,

ignition is frequently accompanied by a series of "pops." In addition, erosion ("nibbling")

of the LOX post tips in the coaxial injection elements, erosion of the injector face, and

temperature gradients in the preburner product gas, resulting in occasional turbine over-

heating, stress, and erosion of the gas tube walls, have been observed.

The general objective of the present program was to increase current understanding of the

processes which affect low-mixture-ratio, O2/H2, coaxial element ignition and combustion.

Such technology advancement would help determine the mechanisms of oxidizer post and

injector face erosion, the reasons for ignition anomalies, and the source of non-uniform

turbine gas temperatures. It would thus permit the generation of improved preburner de-
signs in which these problems would be minimized.

A three-part effort was carried out to achieve the program objective, consisting of the

following tasks:

Task I: Combustion/Flow Computer Code. A computer code was developed

which calculates two-phase injection, combustion, and chamber flow field character-

istics, and is applicable as an injector/combustor design tool.

Task I1: Hot-Fire Tests. Several series of single- and multi-element coaxial injec-

tor hot-fire tests were conducted (most were with a single-element injector), to gain

insight into the ignition and combustion characteristics of GO2/GH2 and LOX/GH2 at

the low mixture ratios used in preburners. Photographic techniques (laser schlieren

and ultraviolet high-speed motion pictures) were the primary diagnostics in these
tests.

Task II1: Improved Preburner Design. An attempt was made to design the com-

ponents of an improved LOX/GH2 preburner, applicable to SSME operating condi-
tions.
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This final report presents a discussion of the three tasks. Various portions of the program

have been reported in detail in previously issued reports (Ref. 1-4) which are integral

parts of the program documentation. Some of the details presented in the earlier reports

are included here by reference, to avoid repetition.
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COMBUSTION/FLOW COMPUTER CODE

INTRODUCTION

The purpose of this task was to develop and anchor an advanced, two-phase, combus-

tion/flow computer code which would be an effective combustor analysis tool. This effort

was accomplished by selection of an existing code, modifying it extensively to provide

better modeling of real combustion and flow processes, and finally anchoring it to experi-
mental data.

SELECTION OF CANDIDATE CODE

A survey of existing numerical combustion computer codes was made to identify those

which offered the best potential of satisfying the requirements of an advanced code, after

reasonable modification and upgrading. These requirements are summarized in Table 1,

together with indications of their relative importance. It was particularly desirable that the

candidate code have a modular structure, with each section lending itself to continuous

refinement. For example, the mathematical modeling of atomization, vaporization, mixing,

and combustion processes should be in separate subroutines, which could be upgraded

as more knowledge of the details of the processes became available.

A literature survey and personal communications* were used to identify potential candi-

date codes. In addition, a review of combustion flow field modeling (Ref. 5) provided valu-

able leads. It was found that most of the existing codes could be traced back to a small

number of originals, whose basic cores were subsequently specialized for particular tasks.

A tedious comparison of the characteristics of many different individual codes could then

be reduced to a comparison of only a few families of codes.

The most prominent combustor codes and code families are listed in Table 2. Although

the CORA3 code (Ref. 6-8) is privately owned and not available, it has several related

codes which are available, such as the TEACH code (Ref. 9-10). This code does not

include chemical reactions, however, and was therefore not suitable for the present appli-

cation. The SHIP-LANGLEY (Ref. 11), LLL (Ref. 12-13), and PURDUE (Ref. 14) codes

suffer from a lack of overall generality, such as being restricted to 3D parabolic or partially

*Particularly important were contacts with Stanford University/NASA Ames and Los
Alamos National Laboratory
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Table 1. Code Selection Criteria

CODE CHARACTERISTIC

Category A: Basic Fluid Dynamics

1. Fully-elliptic flow field prediction

2. Transient (real-time dependent)

3. Compressibility and viscous flow inclusion

4. Complex geometry
5. Eventual 3D capability

RELATIVE

IMPORTANCE

High

High

High
Medium

Medium

Category B: Physical Models

6. Real gas properties

7. Combustion chemistry in complex flow
environments

a. Equilibrium chemistry

b. Kinetic chemistry

8. Sophistication of turbulence modelling

9. Two-phase (liquid-gas) effects
a. Atomization model

b. Evaporation/diffusion model

c. Droplet-gas coupling

10. Radiation modelling

Category C: Overall Considerations

Low

High

High

High

Medium

High
Medium

Medium

Medium

Low

11.

12.

13.

14.

Ease of use and adaptation

(modular code structure)

Availability and accessibility

Cost

High

Suitability for use in parametric design
studies (i.e., general applicability of code)

High

Medium

Medium

................................ J
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Table 2. Comparison of Existing Codes

CHARACTERISTIC

>,-

A. GENERAL

Fully Elliptic?
Transient?

Compressible?

Complex Geometry
3D

Lagrangian

Y Y N N N Y Y YY

Y Y Y Y Y N YY

Y Y Y Y N N Y Y Y YY

M M M L L HH

Y N Y N N Y Y N Y Y NY

N N N N N Y N N N YY

B. MODELS

Real Gas?

Equilibrium Chemistry?

Kinetic Chemistry?
Turbulence Model?

2-Phase?

Atomization?

Evaporation?

Droplet Coupling?
Radiation?

M L

L N N N Y Y Y Y Y Y

N N N N Y Y Y N Y L

2 2 2 2 0,2 2
Y N N Y N N Y N N Y

N N N Y N N Y N N N

N N N Y N N Y N N Y

N N N Y N N Y N N Y

Y N N N Y

M MM

Y HH

L HH

2 0 0

Y YY

N YY

Y YY

N YY

Y NN

C. OVERALL

Modular?

Accessible?

Cost?

Ease of Parametric
Runs?

M M

L Y Y Y Y M M

H L L L L

H

KEY: Y o Yes
N - No

blank - not applicable, not known

H - High
M ° Medium

L - Low

L L M

M HH

H HH

L L L

H HH

0-2: # eqns in model
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elliptic flows. A combustion model (based on the eddy breakup model) is being developed

at U.C. Berkley/LBL by Oppenheim and Chorin, but the overall code is applicable only to

2D incompressible flows. A Sheffield University code (Ref. 15-17) also appears to be for

steady, incompressible flows. The Bell analysis (Ref. 18) is for mixing and reacting flows

but is limited to 3D parabolic flow fields. Calculations at Pratt & Whitney (Ref. 19) empha-

sized chemical kinetics and used one-dimensional models. United Technologies Research

Center has a "pseudo-kinetic hydrocarbon chemistry" model, which can use only rectan-

gular and cylindrical geometries and has limited, unsatisfactory anchoring (Ref. 20). Fi-

nally, a code developed at AiResearch (Ref. 21) is also limited to cylindrical and rectangu-

lar geometries, lacks a two-phase description of spray droplets, and (most importantly)

applies only to steady-state conditions.

The CONCHAS-SPRAY/KIVA codes (Ref. 22), which have the best overall combination of

favorable characteristics (Table 1), were selected for modification in the present program.

They incorporate features not available from most other codes, including equilibrium and

fully coupled kinetic chemistry models, spray droplet tracking, with a variety of injection

modes and droplet distribution functions, arbitrary Lagrangian-Eulerian formulation, which

allows complex boundary conditions (including free surfaces), and a highly modular code

structure, which allows for easy code modification. Another important advantage of the

CONCHAS/SPRAY code group was the existing cooperation between Rocketdyne and Los

Alamos and the fact that the codes had already been adapted to the Rocketdyne com-

puter system.

CODE MODIFICATION AND REFINEMENT

The CONCHAS/SPRAY codes were modified and refined to produce an advanced code

for analysis of rocket combustor systems and for application as a design tool. The result-

ing code was named Advanced Rocket Injector Combustion Code (ARICC); a technical

manual containing extensive details of the numerical procedures, physical modeling, and

instructions for use has been published (Ref. 23). The most important modifications and

refinements made in the original code in developing ARICC were the following:

1. Addition of flow-through boundary conditions

2. Replacement of input/output sections and graphics routines

. Introduction of generic grid-generation schemes (Figure 1) for parametric

studies of various combustor geometries. Since ARICC would be used as a

design tool as well as a specialized analysis scheme, as much flexibility as

practical was incorporated into the modified code geometry capabilities.
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.

In addition to the multispecies, 2D/axisymmetric-plus-swirl, viscous, recir-

culating-flow modeling capability of the original code, ARICC also incorpo-

rates a full range of detailed O2/H2 kinetic chemistry. A list of 22 kinetic rate

equations involving 8 difference species describes the fully coupled

chemistry.

.

A fractional-volume-of-fluid technique for describing two-phase gas/liquid

flow was also added, with a flag variable to distinguish between fully gase-

ous, fully liquid, or compound (partially gas-partially liquid) grid cells. With
this feature, the three "phases" are allowed to interact with each other

(Figure l-A).

Droplets are allowed to take on variable density and displace volume. This

makes the droplet description valid for dense spray regions and for large

droplets through the supercritical regime.

An atomization model from the Coaxial Injector Combustion Model (CICM)

code (Ref. 24) was included in ARICC to simulate the creation of spray

droplets from a liquid jet. The model describes the mean droplet size and

mass stripping rate from the jet at a particular location as a function of liquid

properties and the surrounding gas dynamic environment. Since the atomi-

zation process has a strong bearing on combustor performance, this rigor-

ous model is expected to generate more realistic data than those of earlier
codes.

Advanced droplet dynamic models were upgraded to account for non-linear

droplet drag, heat-up, vaporization and recondensation, supercritical drop-

let behavior, and droplet breakup and coagulation. Spray droplets are given

a full dynamic treatment, described by the Monte-Carlo droplet group tech-

nique and tracked in a purely Lagrangian fashion. Finally, the liquid portions

of the flow field are also treated rigorously, using the same solution proce-

dures as for the gas, except that the pressure iteration scheme for the gas

phase is replaced with an incompressible counterpart to handle constant

density liquid.

ARICC CODE ANCHORING

ARICC was anchored with three approaches: (1) the various subroutines were anchored

to existing codes, (2) certain features or submodels of the program were anchored quanti-

tatively by comparisons to current and earlier experimental cold-flow data, and (3) the full

code was qualitatively verified by comparisons to the hot-fire data generated in the

RI/RD89-235
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experimental portion of this program. Following are descriptions of some of the various

anchoring methods.

Subroutine An_horina

Individual subroutines were anchored by comparisons with outputs of previous codes for

LOX/H2 chemistry and for droplet spray correlations.

Constant pressure and constant volume combustion were modeled, with initial conditions

of 5500 psi and 300 K, over a mixture ratio range of 1.8 to 16.0. Final temperatures and

pressures for the constant volume condition, as computed by ARICC, differed by less than

0.13% from the JANNAF-standard TRAN78 calculations for a mixture ratio of 8.0; combus-

tion species concentrations generated by ARICC for this case differed by an average of

+4.3% from TRAN78 calculations. Constant pressure combustion is modeled in ARICC by

filling the chamber with premixed reactants, igniting the mixture, and then maintaining com-

bustion with constant inflow and outflow boundary conditions at the ends of the chamber.

Steady-state combustion, established when the mass flux in all cells reaches the steady

inflow mass flux, was attained approximately three msecs after ignition. The temperature

and species concentrations generated by ARICC were compared to those of a constant

pressure TRAN78 case at the same initial conditions. At mixture ratio of 8.0, the steady-

state temperature differed by less than 0.5% and the species concentrations differed by an
average of +3.3.

Droplet spray patterns generated by the ARICC code were compared to the CICM code

output for similar cases. Minor variations in the outputs were traced to the simplistic 1-D

"streamtube" treatment of CICM. More rigorous anchoring was accomplished with cold-
flow test data.

Code Anchorinq, Cold-Flow Test_

ARICC was anchored to several laboratory-scale tests of coaxial injection elements under

cold-flow (nonreactive) conditions.

Cold-flow velocity profile measurements were carried out in Task II of this program with

helium and gaseous nitrogen as fuel and oxidizer simulants, respectively. Laser doppler

velocimetry was used to measure stream velocities in a windowed chamber. Correspond-

ing calculations, using the same simulant input conditions and properties (Table 3) were

made with ARICC. Since this is a non-reacting, single phase flow, the only key adjustable

RI/RD89-235
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Table 3. ARICC Cold-Flow Calculations, Input Flow Conditions

Temperature (deg. F)

' Density (g/cm3)
I

i Velocity (cm/s)

Viscosity at 300 K (centipoise)

: Prandtl Number

Binary Diffusivity (cm 2/s)

Turbulence Parameter

Helium Nitrogen

87 72

0.00233 0.030

23,700 4,400

0.019 0.018

0.66 0.77

0.674

0.04

factor is the subgrid scale turbulence parameter, XKD, which was set at 0.04. This is a

four-fold reduction from the recommended combustion value of 0.17 and is close to the

value used in other non-reacting flow calculations. The lower value was chosen in ad-

vance of the ARICC analysis, because noncombustible flows have much lower turbulence

levels than combustive flows. The comparison of calculated and measured gas velocities

tests the gas phase capabilities of ARICC. Results are presented in Figure 2, which shows

reasonable agreement between the calculated and experimental data. The velocimeter

data clearly indicate the effect of the misalignment of the LOX post, which results in non-

axisymmetric flow. ARICC0 being an axisymmetric code, cannot simulate this effect. Never-

theless, the nonaxisymmetric effect is not great, and the comparison is justified. This com-

parison demonstrates the capability of ARICC to correctly model such flows, which is a

necessary prerequisite to the modeling of reacting and multiple phase flows.

Under a separate, company-sponsored effort, the atomization and droplet dispersion sub-

models of ARICC were anchored by comparisons with liquid mass flux distributions from

cold-flow, single coaxial element data; despite many empirical inputs, liquid mass flux

distributions were accurately predicted. Details of these computations are given in Appen-
dix B.

Code Anchorinq, Hot-Fire Tests

Single-element coaxial injector hot-fire tests were carried out with GO2/GH2 and LOX/GH2

(Task II). An important observation in these tests was a flame-holding phenomenon at the
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tip of the oxidizer post which persisted through a wide range of injection conditions. Such

flame-holding was accurately predicted by ARICC simulations. Details of these computa-

tions are given in Appendix A. Comparisons of chamber temperature, LOX jet length, and

the zones of intermediate combustion species (OH radical) were used for code anchoring

(aef. 27).

ARICC was also used to simulate a full-size, variable geometry element at typical operat-

ing conditions. A representative single-element, coaxial, axisymmetric combustor is shown

in Figure 2-A, which includes a list of the geometric data used in the ARICC calculations.

The boundary conditions were specified as follows:

1. At the combustor walls, turbulent law of the wall and adiabatic conditions

were prescribed.

. At the combustor exit, constant temperature and constant pressure were

assumed. For part of the calculation, the constant pressure was modulated

by using non-reflective boundary conditions at the exit. This method essen-

tially attenuates the reflection of numerically induced pressure waves back

into the flow field thereby accelerating convergence to a pseudo-steady-
state condition.

o At the inlet, LOX and hydrogen temperatures and mass flowrates were de-

fined. ARICC accepts velocity profiles as input, so the mass flowrates were

converted into velocity profiles as follows:

a. The LOX velocity profile was assumed to be uniform, which is a fairly

good approximation in turbulent tubular flows.

bl The hydrogen velocity profile was determined by running a proprietary,

steady-state, CFD code (REACT-2D), which simulates the flow in the

element fuel annulus. Figure 3 is a schematic of the variable geometry

element and the computational grid for the REACT-2D simulation of the

fuel annulus. A parabolic velocity profile was prescribed at the hydrogen

inlet orifice, reflecting a fully developed laminar inlet condition. The exit

velocity profile in this computation was taken to be the hydrogen input of

the ARICC run. Figure 4 depicts a normalized ARICC velocity profile at

the annular section of the inlet. The profile is skewed towards the axis of

symmetry by the post-centering vanes a short distance upstream.
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Figure 2-A. Single-Element Geometry Used in
ARICC Calculations
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Table 4 lists the physical data and operating conditions used for the ARICC variable ge-

ometry computations,* which were made for durations of 6 msec, with a grid density of

34 x 169.** The LOX stream length, measured from the tip of the jet to the tip of the LOX

post, was stabilized at about 1.4-in. (Figure 5). Typical temperature and velocity distribu-

tions downstream of the injection element are shown in Figures 6 and 7, respectively. The

transient mass flow ratio of the exit plane to the inlet approaches the steady-state value of

unity at 6 msec (Figure 8). The mass averaged gas temperature and mixture ratio, how-

ever, are closely coupled and are sensitive to small disturbances in the instantaneous

atomization rate upstream. Hence, they tend to exhibit very long wavelength oscillations.

These examples demonstrate the versatility and power of ARICC to compute thermody-

namic and flow properties in a time-dependent, coaxial injector, flow field.

*These represent hypothetical preburner flow conditions.

**The computation required approximately 800 hours on a Floating Point System
(FPS-464) computer.
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Table 4. Physical Data and Operating Conditions for
ARICC Calculations, Variable Geometry Series

Parameter

Oxidizer Flowrate, Ib/sec.

Fuel Flowrate, Ib/sec
Mixture Ratio

Oxidizer Temperature, R

Fuel Temperature, R

Oxidizer Velocity, ft/sec

Fuel Velocity, ft/sec

Oxidizer Density, Ib/ft 3

Fuel Density, Ib/ft 3

Value

0.292
0.254
1.15

208

275

98.6

811.3

68.5

3.31
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EXPERIMENTALTESTS

INTRODUCTION

Several series of tests were carried out in this task to investigate the ignition and combus-

tion characteristics of oxygen/hydrogen coaxial and pentad injection elements at low mix-

ture ratios. Single-element injectors were used in most of the tests. The primary diagnostic

tools were high-speed ultraviolet and laser schlieren motion pictures. The objectives of

this experimental test effort were to obtain physical insight into the ignition/combustion

processes, to verify and anchor the combustion/flow computer code developed in Task I,

and to enlarge the data base for design of an improved coaxial injector in Task III.

TEST HARDWARE

The hot-fire tests employed a four-in.-diameter, solid wall combustor fitted with two

fused-silica viewing windows on opposite sides of the chamber (Figure 9). Although the

assembly was designed for 3-second firings at 3000 psi chamber pressure, the maximum

chamber pressure in the present tests was 600 psi.

A bolted injector head on the combustor permitted various types of injection elements to

be tested with minimum hardware changes. For tests with LOX, the original single-element

injector body was modified with a liquid nitrogen jacket for prechilling of the relatively

massive injector hardware, to provide LOX to the chamber at the very low flow rates

required.

Two instrumentation ports were located at 90-degrees to both viewing windows in the

chamber. With suitable fittings, these ports could be used for pressure transducers, ther-

mocouples, ignition probes, or other optical diagnostics.

The combustor nozzle was a nickel insert sealed to the housing by serrated flanges.

Descriptions of the individual injection elements are given in the discussions of the various
test series.
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TEST FACILITY, INSTRUMENTATION,AND DIAGNOSTICS

Facility

The test program was carried out in Test Cell 107 of the Thermodynamics Laboratory at

the North American Aircraft Operations Division of Rockwell International. A flow schematic

of the hot-fire test stand is shown in Figure 10. Both the gaseous and liquid oxygen supply

systems are indicated. Liquid nitrogen was used to chill the injector and the LOX supply

line when LOX was employed; LN2 was also used, in some of the test series, in a heat

exchanger in the hydrogen supply system, to chill the fuel to subambient temperatures for

simulation of the injection conditions in functional preburners. Critical venturies were used

to control and measure propellant flowrates.

A photograph of the test cell is shown in Figure 11. The fuel system heat exchanger is the

insulated S-curved pipe in the foreground, with the combustor and optics table on the left.

A schematic of the flow system used in a preliminary series of cold-flow velocimeter tests

with GN2 and He is shown in Figure 12.

Instr_Jmentation and Diaqnostics

The basic instrumentation used in the hot-fire tests is listed in Table 5. Minor changes

were made in this list during the test program, as required. The facility Astrodata digital

system was used for primary data acquisition and recording; auxiliary recorders (direct

inking recorders, digital display meters, sight gages) were employed as needed.

Four photographic techniques were the primary diagnostic tools in the hot-fire tests:

• High-speed laser schlieren cinematography

• High-speed ultraviolet cinematography

• Polaroid laser schlieren photography

• Vidicon TV monitor

A schematic of the integrated schlieren and ultraviolet diagnostic systems is sketched in

Figure 13.
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Figure 11. Photograph of Test Cell
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The laser schlieren motion pictures (4000to 9000frames/sec) recorded flow patterns,gas
"puffs", spark ignition, propagationof the ignition process, flame-outs, and steady-state
combustion and flow patterns; typical schlieren sequence imaging is illustrated in Fig-

ure 13-A. The ultraviolet cinematography system was filtered to view the OH species,

which is concentrated in the combustion zones. This species emits radiation at 0.31 mi-

crons, which is detectable with standard color film but requires quartz windows for trans-

mission. Typical ultraviolet sequence imaging is shown in Figure 13-B. The Polaroid cam-

era system provided quick-look post-test schlieren information. The real-time TV monitor

system was used for observation of tests and for detection of spark probe problems,

ignitions, and flame-outs.

LOW-PRESSURE IGNITION TESTS (Ref. 1)

The first hot-fire test series in the experimental program consisted of three sets of ambient

temperature GO2/GH2 ignition tests on three different injectors: (1) a single-element coax-

ial, (Figure 14), which was a model of an SSME oxidizer preburner coaxial element; (2) a

four-element, in-line, coaxial injector (Figure 15), with elements identical to those of the

single-element injector; and (3) an unlike-impinging, micro-orifice, 27-element, pentad

pattern (4 fuel on central LOX, Do = 0.0154 in., Df = 0.028 in., Figure 16), whose total

flowrate was equivalent to that of three SSME oxidizer preburner elements.

Sinqle-Element Coaxial Injector

Seventy-seven ignition tests were conducted with the single-element coaxial injector, us-

ing three different test sequences: (1) fuel lead, in which the fuel flow and spark actuation

started prior to oxidizer flow initiation; (2) oxidizer lead, in which the oxidizer flow and spark

initiation preceded the start of fuel flow; and (3) a sequence in which both propellants

were at steady-state flowrates when the spark was initiated. Most of the tests were at a

total propellant flowrate of 0.02 Ib/sec, with a range of 0.016 to 0.07 Ib/sec; the mixture

ratio range was 0.08 to 1.4.

A "point" spark plug probe was utilized in these tests, so that the location of the ignition

source could be varied, for determination of the sensitivity of coaxial element ignition to

spark location. In some of these tests, a thermocouple rake was mounted in the chamber

to obtain a gas temperature profile over the flow cross-section.
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Figure 13-A. Typical Schlieren Sequence Imaging,
Coaxial Element Combustion Zone
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Figure 13-B. Typical Ultraviolet Sequence Imaging,
Coaxial Element Combustion Zone
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Figure 15. Four-Element Coaxial Injector

Figure 16. Micro-Orifice Injector
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Four-Element Coaxial Injector

Thirteen low-pressure ignition and gas temperature distribution tests were carried out with

the four-element coaxial injector. All these tests utilized the oxidizer lead sequence, with

total flowrates in the range of 0.072 to 0.086 Ib/sec at mixture ratios of 0.10 to 0.62.

Direct comparisons of the single-element hot-fire test conditions with SSME preburner

ignition conditions are difficult because the SSME PBs are not instrumented to provide

such data. However, the following estimates have been made for the SSME oxidizer pre-

burner ignition:

Ignition time:

Fuel flowrate:

Mixture ratio:

Fuel temperature:

Oxidizer temperature:

1.2 to 1.4 sec after start signal

3 to 6 Ib/sec

0.06 to 0.15

(Note that throughout the present hot-fire test program,
however, ignition could not be obtained at mixture ratios
below 0.10.)

154 R

500 to 300 R (oxygen in gaseous state)

Micro-Orifice Pentad Injector

Twenty-five low-pressure ignition tests were conducted with the micro-orifice injector for

ignition and temperature profile measurements, using both the oxidizer and fuel lead se-

quences. For some tests, the spark plug probe was modified to arc directly to the injector
face.

Summary of Results of Low-Pressure Iqnition Tests

le The ignition characteristics of the single-element coaxial injector are plotted

in Figure 17. The oxidizer lead sequence gives much more reliable ignition,

over a wide range of mixture ratio, then the fuel lead sequence. The ignition

behavior of the four-element coaxial injector was similar to that of the sin-

gle-element. The micro-orifice injector, with both oxidizer and fuel leads,

exhibited "flame-out" (cessation of combustion after ignition) except at the

highest mixture ratio levels.

2. The temperature measurements, while indicating approximately the ex-

pected range of gas temperatures, were generally inconclusive.
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3. Review of the high-speed laser schlieren and ultraviolet films yielded new

insights into the mechanisms of gas/gas, low-pressure, coaxial element

ignition:

a.

b.

There appears to be a feature within the gas jet that acts as a flame
holder near the injector face. This feature is able to hold the flame even
though the propellant injection velocities are up to five times the theoreti-

cal flame propagation speed for a well-mixed gas at the given mixture
ratio. This is a significant finding. Without a flame-holding feature, the
combustion zone would be blown away from the injector and combustion
would occur only in high-mixture-ratio recirculation zones. If this were
the case, the overall mixture ratio of the injector would have to be at
least equal to the well-mixed flammability limit (1.0, at ambient tempera-
ture). This would severely limit the use of a low mixture ratio GO2/GH2
combustor as a turbine drive gas generator.

It appears that two requirements must be met for ignition in the flame-
holding zone. First, the injected gas jets must be disturbed, by being
slowed, stopped, reversed, or blown sideways away from the element.
Second, this disturbing action must take place while there is combustion

(an ignition source) present in the recirculation gases surrounding the jet
flow near the injector face. When the high-velocity injection jet is dis-
turbed, the flame-holding zone can be ignited by the combustion in the
surrounding gases.

c. Two forms of the required disturbance were observed in this test series:

d.

(1) The rapid combustion propagation within the high-mixture-ratio

recirculation gases which are present in the oxidizer lead tests pro-
vided one form of the disturbance. This pressure increase actually
reversed the jet flow in some of the tests.

(2) Ignition of a high-mixture-ratio jet, at about 2 in. from the injector
face, was violent enough to disturb the jet flow and allow ignition of
the "flame holder" near the face. The phenomenon was noted in
fuel lead tests that had sufficiently high mixture ratios in the recir-

culation zones to allow flame propagation within the zones. This, in
turn, ignited the jet at the 2-in. distance from the face. The ignition

propagated rapidly, providing a pressure surge and the required
disturbance of the jet near the face. However, the flame did not

propagate up the jet. The flame-holding region could be ignited
only after the jet was disturbed.

The ultraviolet films of the micro-orifice injector tests showed no indica-

tion of flame holding near the injector face. The recirculation gases ap-
pear to be the main source of combustion. Because of this, compara-
tively high mixture ratios (1.4 or greater) were required to sustain
combustion with this element. A well-mixed gas at this mixture ratio is
ignitable, but the flame propagation speeds are much lower than the
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injection velocities. Hence, the bulk of the combustion was in the recir-

culation gases. This effect appeared in the gas temperature profiles as
well as in the ultraviolet films. It is possible that this injection element
provided very efficient mixing so that, at low mixture ratios, no points in
the flow near the spark were above the flammability limit.

REFINED* COAXIAL ELEMENT TESTS

Following the low pressure ignition tests, three separate series of tests were carried out to

further characterize the SSME preburner-type, single-element, coaxial injector used in the

ignition tests: cold-flow velocimetry, GO2/GH2 hot-firings, and LOX/GH2 hot firings.

Cold-Flow Velocimeter Tests (Ref. 2)

The objective of this test series was to obtain velocity data in an axisymmetric combustion

system to support the anchoring of ARICC.

Test Apparatus. The velocity measurements were made in the 4-in. combustion cham-

ber, with pressure controlled by a back-pressure nozzle inserted into the exit fixture. The

gas injection flow rates were controlled by sonic nozzles in the inlet lines. The propellant

simulants were helium (for fuel) and nitrogen (for oxidizer).

The velocimeter employed in these tests was a Polytec Laser Two-Focus Velocimeter,

described in detail in Ref. 2. Nonintrusive velocity vector measurements (magnitude and

angle) in the flow field were made through the fused silica windows in the combustion

chamber. The velocimeter operates by detecting light scattered from minute particles en-

trained in the gas as they pass successively through the focal volume formed by two

highly focused laser beams. Particle velocity, equal to the gas velocity, is derived from the

time required for the particles to traverse the known distance between the beams. Both

gases were seeded with 0.8-micron aluminum oxide particles prior to injection.

Test Results. Three sets of velocity data were obtained: fuel side only, oxidizer side

only, and both sides combined. These are plotted, respectively, in Figures 18 through 20,

which also show the measurement grids. The indicated flow asymmetries in Figures 18

and 20 are due to a slight skew of the LOX post, discovered in post-test inspection. A

*"Refined" refers to the test plan logic, not to the injector.
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comparison of the test data with ARICCcomputations of the flow fields is given in the
Task I discussion, above.

GO?/GH? Hot Firings (Ref. 3 and 25)

In this series of firings*, the high-speed laser schlieren and ultraviolet cinematographic

techniques developed during the low-pressure ignition tests were used to advance the

understanding of the gaseous jet flame near the injector face, particularly with regard to

the flame holding phenomenon.

Fifty-one GO2/GH2 low-pressure firings were conducted in this set using the single-ele-

ment coaxial injector, with both oxidizer and fuel lead sequences. The optical diagnostics

were adjusted to "zoom" in on the flame holding region near the tip of the LOX post for

better visualization. The 1/8-ino-diameter, "point" ignition, spark plug probe used in the

ignition tests was located 0.385-in. from the injector face and 0.25-in. from the chamber

centerline (Figure 21).

The first group of tests in this set were targeted for conditions which had repeatedly given

ignition in the previous tests (100 psia chamber pressure, 0.01 to 0.02 Ib/sec total flow

rate, o.3 to 1.5 mixture ratio). In the second group, the sensitivity of the flame-holding

mechanism to reduced mixture ratio was investigated by starting the tests at an ignitable
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FLOW _
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I

Figure 21. View Field of Optical Diagnostics

*Reference 3 refers to this series as "Flame-Holding Tests."
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mixture ratio then bypassing a portion of the oxygen flow, thus ramping down the mixture

ratio from test start to cutoff. For the third group of tests, an extension was bonded to the

LOX post which extended the end of the post 0.040-in. beyond the injected face (Fig-

ure 22), because the recessed tip of the coaxial element concealed the start of the flame

zone from view. The post extension permitted direct viewing of the start of the flame-

holding zone by the optical diagnostic systems.

The results of these firings confirmed and extended the conclusions of the earlier ignition

tests relating to coaxial GO2/GH2 elements:

1. A flame-holding zone is located in the recirculation or wake region at the tip

of the LOX post.

2. The flame-holding zone is essential for sustaining steady-state combustion
at mixture ratios below 1.0.

. Once the flame-holding zone is established, the mixture ratio of the gases

flowing from the element can be lowered to values well below 1.0, the flam-

mability limit, without flame-out.

. If ignition in the flame-holding zone is by combustion propagation through

the recirculating gases, the gas flow through the element must be (tempo-

rarily) slowed or stopped, as by a pressure surge, to permit ignition in the

region of the oxidizer post tip.

Figure 22. LOX Post Tip Extension
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These diagnostic results have important consequences for design of improved preburner

coaxial elements. For example: (1) if ignition in the flame-holding zone were assured, the

preburner could start at very low mixture ratios without "pops," resulting in enhanced

turbine blade life; (2) the outlet of the oxidizer tip must have sufficient area to support

flame holding; and (3) the "nibbling" or erosion of the LOX post tips frequently observed

may be minimized by modification of the tip.

LOX/GH? Hot Firings (Ref. 3)

The third set of tests in this single-element injector series consisted of 23 LOX/GH2 firings,

carried out to investigate liquid oxygen functioning and, again, to generate data for ARICC

anchoring.

The oxidizer lead sequence was utilized in these tests, with the point ignition probe in the

same location as in the preceding GOX/GH2 firings (0.385-in. from the injector face and

0.25-in. from the combustor centerline). To obtain liquid oxidizer at the injector, it was

necessary to remove the cavitating venturi from the supply line, which meant using the

injector resistance to control the flowrate, and to raise the chamber pressure to 200-400

psia. An internal LN2 jacket was incorporated into the injector for the LOX tests. This

injector chill resulted in condensation and freezing of combustion product water on the

viewing windows during test, which interfered with the optical diagnostics. Directing jets of

hot air at the windows minimized this problem.

An example of the photographic data obtained from the LOX/GH2 firings is shown in Fig-

ure 23, which is a single frame from an ultraviolet film, with an overlay of the coaxial

element geometry, to illustrate the relationship between the combustion zone and the LOX

post diameter. Typical jet length and half-cone angle measurements, used for ARICC

anchoring, are listed in Table 6.

FLAME HOLDING TESTS (Ref. 4)

Test Objectives and Inlector Variations

The importance of the flame-holding phenomenon at the LOX post tip of a coaxial injec-

tion element, which was observed in the previous hot firings, prompted a more extended

study in the Flame Holding Test Series. The series had two objectives: determination of

the effects of GOX post tip geometry and propellant injection velocity on the flame-holding

mechanism, and generation of experimental data to further support ARICC anchoring.
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Figure 23. Ultraviolet Film Frame Showing Flame Zone
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The geometric investigationincluded variationsin post tip landwidth (at constantOD taper
angle, cf. Figure 14) and in the position of the tip with respect to the injector face (re-
cessed, flush, or extended). A specific issue addressed in this respect is whether flame
blow-off could be induced by decreasing the tip land width to a fine point and raising
propellant injection velocities.

One-hundred-two ambient GO2/GH2 tests were carried out in this series, with three sets

of injector assemblies: the "standard" SSME oxidizer preburner element with recessed

post, a "minicoaxiar' element with recessed posts, scaled to one-half the standard diame-

ter, and a standard element with an extended post tip. These variations are listed in Ta-

ble 7. Chamber pressure (100 psia nominal) ranged from 61 to 127 psia, with total

flowrates of 0.0023 to 0.0340 Ib/sec, mixture ratios of 0.68 to 1.06, and test durations of

1.5 to 2.0 sec.

The single-element injector assembly used in this test series (Figure 24) consisted of a

manifolding body which interfaced with the test chamber and a bolt-on head piece con-

taining the coaxial element insert. The ignition source was an aircraft-type spark plug held

in a fixed position, 2 in. from the injector face and 1 in. from the injector/chamber
centerline.

Diagnostic monitoring of the flame-holding region with a recessed GOX post tip was ac-

complished by installation of a transparent fused-silica sleeve which encircled the remov-

able post tips in the extended configuration.This allowed visual access to post tip combus-

tion within a recessed post geometry. Photographs of the flush and extended post tips and

of the transparent silica sleeve extension are shown in Figures 25 and 26, respectively.

Test Results and Conclusions

As in all the hot-fire tests of this program, the primary purpose of this series was to

generate comprehensive optical diagnostic data. Typical ultraviolet images recorded in

one of the full-size element tests are shown in Figure 27; the extent of the camera viewing

field is indicated in Figure 27(a). Figure 27(b) shows the injector face residually illuminated

by the ignition flash, with the axisymmetric flame propagating downward from the element

"cup" region. Although not directly observable, the premise that the recirculation region in

the GOX post tip wake acts as the coaxial element "flame holder" is strongly supported by

such ultraviolet images of the combustion process. Figure 27(c) shows the steady-state

coaxial flame (which appears deep blue in color films) emanating from the cup region.

Figure 27(d) shows a steady-state flame just prior to oxidizer cutoff, with a strong glow

(which appears orange-red in color films) visible at one side of the cup region. This glow
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Figure 25. Photographs of Flush and Extended Post Tip

Figure 26. Photograph of Fused-Silica Sleeve Extension
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appears in the majority of the full-size element ultraviolet films, and is probably attributable

to localized GOX post tip heating. Occurrence of the post tip glow was not generally

indicative of tip melting.

Representative schlieren photographs from a full-size element test are shown in Figure 28.

Figure 28(a) is a schlieren image of the GOX jet during the preliminary oxidizer lead seg-

ment of the firing. The diamond pattern in the jet indicates supersonic flow, which exists

before there is substantial increase in chamber back pressure. Figure 28(b) shows the

schlieren image as the high-velocity GH2 flow is initiated in the fuel annulus surrounding

the GOX jet. The coaxial jet is also supersonic, but this condition exists only for a few

milliseconds before the rapid increase in chamber back pressure, accompanying GH2

introduction, causes the flow to become subsonic. The appearance of the subsonic coax-

ial GOX/GH2 jet just prior to ignition is shown in Figure 28(c). Figure 28(d) shows steady-

state combustion of the coaxial jet following ignition. The location of the "flame front"

(region Of highest reaction) corresponds to the annular shear zone surrounding the GOX

jet, as indicated by the two parallel dark lines protruding downward from the injector face

at top center of Figure 28(d). The shear zone at the outer boundary of the GH2 jet is also

evidenced by faintly visible dark lines on either side of the central combustion zone. The

"speckled" region outside the coaxial jet at the top of the photograph is characterized by

swirling, recirculatory flow. The general features of the coaxial element flow field shown in

Figure 28 are consistently reproduced in all of the schlieren films recorded during the
hot-fire tests.

The observations made in this test series confirmed and extended further the conclusions

of the earlier flame holding tests:

. Post tip flame holding is virtually unaffected by post tip dimensions or inflow

velocity variations over the range of conditions tested, which are represen-

tative of the conditions occurring in the SSME preburners at the time of

ignition.

Q Sharply tapered post tips are much more susceptible to tip melting (nib-

bling) than are those approximating the tip dimensions of the current SSME

oxidizer preburner elements.

. Post tips positioned flush to the injector face or extended beyond the injec-

tor face are much less susceptible to tip melting than those in a recessed

configuration.

4. The mechanism by which post tip melting occurs has not been conclusively

resolved, but potential contributing factors appear to be hydrogen stream
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(a) GOX Jet, Oxidizer Lead Phase (b) GOX/GH2 Flow, Immediately
After Start of GH 2

-#°

,j

(c) GOX/GH 2 Flow, Immediately
Preceding Ignition

(d) GOX/GH 2 Combustion

Figure 28. Schlieren Motion Picture Images, Coaxial Element
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.

flow separation at the post OD taper angle vertex, and/or post tip overheat-

ing during propagation of the flame front from the oxidizer-rich recirculation

gases to the element flame-holding zone.

The "hard start" ignition transient is a potential source of post tip durability

problems. This emphasizes the need to develop an ignition system in which

the flame-holding zones of individual elements can be ignited, precluding

the need for a pressure spike to slow the propellant inflow velocities to a

point at which the flame can be propagated from the recirculation gases to
the elements.

VARIABLE GEOMETRY TESTS

Test, Objectives

The "variable geometry" test series had two primary objectives: (1) an evaluation of the

use of face nuts to vary the annular fuel area of a coaxial injection element, and (2) the

general objective shared by all the hot-firing tests in this program: generation of experi-

mental data to anchor the ARICC combustion/flow model and provision of optical coverage

of coaxial element O2/H2 combustion.

Test H_rdware and Procedure

The variable geometry requirement was achieved by use of the face nut concept illus-

trated in Figure 29, in which the fuel annulus is formed by a machined nut threaded into

the fuel sleeve from the injector face. The size of the annulus is easily varied by replace-

ment of the nuts. Two single-element coaxial configurations were tested. One was a full-

size element patterned after the SSME fuel preburner design and the other was a similar,

one-half scale (with respect to diameter) unit. A set of three face nuts was provided for

each of the elements, which permitted variation of mixture ratio by ± 15-percent about the

nominal value (1.00) at constant hydrogen injection pressure.

In addition to the variations in fuel annular area, two face plates were designed for testing

with each element configuration: one solid copper and the other porous Rigimesh.

The same basic hardware (windowed combustion chamber, back pressure nozzle, hous-

ing, and instrumentation ports) employed in the earlier hot-firing tests was also used in the

variable geometry series with the full-size and half-size injectors. Each injector assembly

consisted of an LN2-cooled manifolding body and a set of coaxial element components
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Figure 29. Variable Geometry Element Configuration

(LOX post, fuel sleeve, face nut, face plate, and face plate washer). The injector body

(Figure 30) was the same for both injector sizes. LOX post, fuel sleeve, and face nut

details are shown in Figure 31 (full-size assembly) and Figure 32 (half-size assembly).

The bolt-on face plate (Figure 33) and face plate washer (Figure 34) are interchangeable
between the two injectors.

The test procedure employed a two-stage sequence (Figure 35), consisting of an ambient

GO2/GH2 ignition stage (Pc = 100 psia, M.R. = 1.00) followed by a LO2/GH2 mainstage

(Pc = 500 psia, M.R. = 0.85 - 1.15). As before, the critical diagnostics were laser schlieren

and ultraviolet emission motion pictures.

Test Results

Full-Scale Injection Element, The first sets of tests with the full-scale element used

pre-chilled hydrogen (at about -270°F). Motion pictures obtained in these tests were not

usable because of condensation of combustion-product water on the inside of the cham-

ber windows. This produced large dark spots on the film, arising from "sloshing" of the

water. Subsequent tests were carried out with ambient-temperature hydrogen, to raise the
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temperature of the recirculating gases in the combustion chamber (which are mostly hy-

drogen) to levels that would eliminate water condensation. Although a small quantity of

condensate remained even with ambient fuel temperatures, fairly good pictures were ob-

tained. Schlieren images (Figures 36 and 37) show the LOX jet as a central dark streak;

corresponding ultraviolet images (Figures 38 and 39) show the flame holding at the LOX

post tip. These firings were made with the solid face plate.

The final set of tests in this group was conducted with the porous face plate. The schlieren

diagnostic (Figure 40) indicates substantial small-scale turbulence near the injector face,

presumably reflecting bleeding of fuel through the Rigimesh. In addition, the LOX jet is

longer than in the solid-face tests (about 1 in. compared to about 0.7 in.), indicating a

lower rate of LOX atomization. This probably arises from the lowered velocity of the annu-

lar hydrogen stream, due to the flow of some fuel through the face. Recirculation was also

reduced in the porous face tests, indicated by lessened water streaking on the windows.

Ultraviolet film frames from these tests (Figures 41 and 42) show the flame emanating

from the LOX tip, the usual flame-holding phenomenon.

Half-Scale Injection Element. Substantial difficulties were encountered in carrying out

the hot-fire tests of the half-scale coaxial element, most of which were directly or indi-

rectly traceable to the very low propellant flowrates involved:

o Ignition problems persisted throughout the series. Decreasing the pre-

ignition chamber pressure, increasing the spark exciter energy level, and

small extension of the oxidizer lead time had little positive effect. Large

increases in the oxidizer lead and oxidizer flowrate produced ignition in

some tests, but not reliably so.

1 Only one test (with the solid face plate) yielded schlieren data (Figure 43).

Water condensation on the chamber windows obscured the view; the short,

nearly vaporized, LOX jet is barely visible through the water at the top of the

frame. The flame itself appears as a lighter, conical area below the jet.

. Ignition was achieved in one of the attempted tests, but the LOX post

burned away (probably during transition to mainstage and apparently coin-

ciding in time with the arrival of liquid oxidizer at the injector). The post was

replaced and the test was repeated. After several ignition failures,

mainstage was achieved but, again, the LOX post was severely burned.
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Figure 36. Schlieren Image, Test No. 16.6
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Figure 37. Schlieren Image, Test No. 16.7
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Figure 38. Ultraviolet Image, Test No. 16.6
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Figure 39. Ultraviolet Image, Test No. 16.7
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Figure 40. Schlieren Image, Test No. 17.3
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Figure 41. Ultravlolet Image, Test No. 17.3
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Figure 42. Ultraviolet Image, Test No. 17.4
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Figure 43. Schlieren Image, Test No. 22.2
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Analysis and Conclusions

The diagnostic films of the full-scale coaxial element injector tests in this series showed

that the flame holding at the LOX post tip identified in the earlier tests occurs with liquid as

well as with gaseous oxygen. The flame emanates from the cup region of the element but

does not fill the cup (as it would for "cup burning"), instead, it is limited to the boundary

between the core LOX stream and the outer fuel jet, with flame holding occurring at the

post tip. Further, the opaque core at the center of the oxidizer stream, which is not evident

in the image from gaseous oxygen tests, indicates that liquid oxygen is reaching the injec-

tor face.

The apparent length of the LOX jet, as indicated in the schlieren films, fluctuates during

test, probably because of small random changes in upstream flow conditions and turbu-

lence levels, and varies inversely with the fuel/oxidizer injection velocity ratio.

Ignition with an oxidizer lead creates a momentary overpressure in the combustion cham-

ber which causes back-flow of ignition gases though the injector cup region. Although this

results in a hard start, it was found to be the most reliable means of ensuring repeatable

ignition of the coaxial elements, because the propellants in the flame-holding zone at the

tip of the post are ignited. However, the back-flow may also result in localized overheating

and erosion of the LOX post tip, which could progress to full burning of the metal. Suscep-

tibility to tip burning (as in the half-scale element) rather than to mild erosion (as in the

full-scale elements) may be due to the rate of heat loss from the tip, by conduction

through the post material and convection to the propellant streams. With the same heat

flux, the temperature of the half-scale LOX tip is substantially higher than that of the

full-scale tip, because of the geometric aspects and consequent heat loss differences.

Reduction in the rate of heat loss from the tip (by use of thin post walls, or by cavitation

within the post due to "warm" LOX and/or low chamber pressure) exacerbates erosion of

the tip and may lead to post burning.
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IMPROVED PREBURNER DESIGN

INTRODUCTION

This program task originally included the design, fabrication, and delivery of an improved

subscale preburner assembly. It was subsequently determined, however, that only the

design portion of the effort would be carried out under the present contract, because, at

the time, there were no plans for testing the modified preburner. Design criteria and the

detail designs of the subscale preburner components are presented in this section.

DESIGN CRITERIA

The improved subscale preburner design was derived from the set of 3.5-in.-diameter

components fabricated under NASA Contract NAS8-33243 (Ref. 26) to the extent that the

manifold and spool sections would be interchangeable between the two assemblies. Both

designs used a solid-wall uncooled chamber, and a "hockey puck" style injector insert,

with separate oxidizer and fuel manifolds.

All the improved preburner components, except the injector insert, were designed for 3500

psi chamber pressure, consistent with the existing hardware structural limitation. The injec-

tor, however, was structurally designed for 5500 psi chamber pressure. Other structural

design criteria are summarized in Table 8.

Table 8. Improved Preburner Assembly,
Structural Design Criteria

Parameter

Chamber pressure

Oxidizer interface pressure

Fuel interface pressure

Face plate differential pressure

Chamber temperature

Firing duration

Number of cycles

Criterion

3500 psi, maximum

4300 psi, maximum

4300 psi, maximum

1500 psi, maximum

1600°F, maximum

30 s, minimum

50, minimum

D529-0007
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Nominal design operating conditions for the improved subscale preburner injector were

determined so that the injected mixture ratio and mass flux would match those of the

Phase II SSME Fuel Preburner (FPB). Two operating points were targeted: a high-pressure

condition (5500 psi chamber pressure), corresponding to SSME FPB full power level (FPL,

equivalent to 110-percent of nominal power level), and a low-pressure condition (2400 psi

chamber pressure), corresponding to SSME FPB minimum power level (MPL, equivalent to

65-percent of nominal). The throat diameter and injector orifices were sized for the

5500-psi condition; the lower chamber pressure would be attained by decreasing propel-

lant flowrates. In comparisons of the subscale preburner with the SSME FPB, operation at

2900 psi would be analogous to throttling down from the design point. Corresponding

design values of the SSME and subscale preburners are listed in Table 9.

Table 9.

Parameter

Comparison of SSME FPB and Improved Subscale
Preburner Design Points

Chamber pressure (psia)

LOX flow rate (Ib/sec)

Hydrogen flow rate (Ib/sec)

Mixture ratio (oxidizer/fuel)

Hydrogen injection temperature (deg R)

LOX manifold pressure (psia)

Hydrogen manifold pressure (psia)

Injector face area (in 2)

Injector mass flux (Ib/sec-in2)

Number of elements

LOX post exit ID (in.)

LOX post exit OD (in.)

LOX post orifice ID (in.)

Fuel annulus gap (in.)

LOX post recess (in.)

Contraction ratio

Phase II
SSME FBP

(FPL) (MPL)

Improved
Subscale PB

5462

87.97

89.64

0.98

278

6967

5927

85.44

2.08

258

0.089

0.114

0.042

0.025

0.100

N/A

2875

40.56

50.03

0.80

289

3232

3120

85.44

1.06

258

0.089

0.114

0.042

0.025

0.100

N/A

(High
Chamber

Pressure)

5500

9.90

10.10

0.98

278

7015

5968

9.62

2.08

113

0.045

0.065

0.021

0.020

0.000

11.05

(Low
Chamber

Pressure)

2900

4.53

5.67

0.80

289

3260

3147

9.62

1.06

113

0.045

0.065

0.021

0.020

0.000

11.05
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DETAILED DRAWINGS

The following detailed drawings of the improved subscale preburner components and as-

sembly, reproduced in Figures 44 through 61, were prepared:

Figure Drawing Description

44 7R035311

45 7R035298

46 7R035299

47 7R035301

48 7R035300

49 7R035304

50 7R035312

51 7R035309

52 7R035310

53 7R035316

54 7R035315

55 7R035314

56 7R035302

57 7R035303

58 7R035313

59 7R035297

60 7R035296

61 7R035295

Improved Combustor Assembly

Oxidizer Dome Assembly

Fuel/Oxidizer Manifold Assembly

Combustion Chamber

Nozzles

Chamber Igniter Spool

Injector Insert Assembly

Face Plate

Coaxial Injector Insert

LOX Post

Face Nut

Fuel Sleeve

Single-Plug Igniter Assembly

Igniter Housing

Braze Tooling Fixture

Pressure Test Fixture

Washer

Stud

The injector design includes the "half-scale" coaxial elements, which were selected prior

to their testing on the basis of an ARICC analysis which predicted a more uniform down-

stream temperature profile for the half-scale element than for three-quarter- or full-scale

versions. However, because of the adverse test results obtained with the half-scale ele-

ments (difficulty of ignition and LOX post burning), these would not be used in fabricated

preburners, for which the full-scale elements would be recommended. The LOX post tip

was flush with the injector face to minimize nibbling, with little expected degradation in

performance.
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Primary features of the injector assembly include brazed-in LOX posts, threaded fuel

sleeves, and threaded face nuts, which clamp the face plate in position and permit

variations in fuel gap and face plate configuration by simple change-over. Two face con-

figurations are shown in the drawing (Figure 51): solid copper and porous Rigimesh.

The overall injector face-to-throat length in the improved subscale preburner assembly is

approximately 13 in. The chamber comprises a 2.5-in. igniter spool, a 6-in. chamber

spool, and a 4.5-in. nozzle (throat) spool.

The subscale preburner uses a transverse-mounted, O2/H2, torch igniter, with a single

aircraft-type spark plug. It is housed in an uncooled chamber spool, with the torch barrel

about 1.4-in. downstream of the injector face.

The material for all subscale preburner assembly components (with the exception of the

face plate and the igniter housing) is 300-series CRES. The igniter housing material is

Inconel-625.
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CONCLUSIONS AND RECOMMENDATIONS

The following conclusions and recommendations were derived from the analytical and

experimental tasks of the Turbine Drive Combustor Technology program.

o The Advanced Rocket Injector Combustion Code (ARICC) was developed,

and demonstrated to be an analytic tool capable of solving transient (i.e.,

real-time dependent) continuity, momentum, and energy equations for vis-

cous compressible flows, with combustion, in complex geometries, applica-

ble to rocket engine injectors and combustors. The capabilities of ARICC

include equilibrium and kinetic chemistry, simplified turbulence models, and

two-phase flow effects such as atomization, vaporization, diffusion, and

droplet-gas coupling. Current analytical descriptions of combustion and flow

processes were used in constructing the code, with empirical correlations

limited to conditions for which analytical models were not available. Data

developed in the experimental portion of this program, as well as other

available data, were used to anchor the code. It is recommended that the

code be maintained by incorporating newly developed models of the com-

bustion processes as they become available, improving the code mechan-

ics and efficiency, and broadening its applicability to a variety of reactants.

= The most important observation made in the ignition and combustion tests is

the existence of a flame-holding zone in the recirculation or wake region at

the tip of the oxidizer post of a LOX/GH2 or GO2/GH2 coaxial injection

element. The flame holding mechanism functions with both recessed and

extended posts, even when propellant injection velocities are very much

greater than the flame propagation speed of a corresponding well mixed

gas. Flame holding was observed with both gaseous and liquid oxygen.
Once the flame-holding zone is ignited, combustion will be sustained even if

the mixture ratio of the element is well below the mixed-gas flammability

limit. Without flame holding, steady-state combustion at mixture ratios below

1.0 could not be sustained and ignition/combustion could occur only in

high-mixture-ratio recirculation zones, if any, which would severely limit the

use of low-mixture-ratio O2/H2 preburners.

= For ignition in the flame-holding zone, the element jet flow must be tempo-

rarily slowed, reversed, or blown sideways. This disturbing action must take

place while there is an ignition source in this zone. Two types of disturbance

were observed in the hot-fire tests. In the first type, with oxidizer lead se-

quences, the rapid combustion propagation in the high-mixture-ratio recir-

culating gases provided the disturbance, with actual reversal of the jet flow
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in some cases. With fuel leads, ignition of a high-mixture-ratio region,

about two inches from the injector face, was violent enough to disturb the

incoming jet flow and ignite the flame-holding zone.

.

In the case of the SSME preburners, which have very low mixture ratios in

the start phase, the flame-holding zones of some of the elements may not

be initially ignited. This allows accumulation of unburned propellants, which

are finally ignited by the recirculating combustion products or by the Aug-

mented Spark Ignition System (ASI). Rapid combustion of the accumulated

propellants creates a pressure surge, or "pop", which slows or reverses

the flows out of the unlit elements and ignites their flame-holding zones.

Ultraviolet films of a self-impinging, micro-orifice, GO2/GH2 injector showed

no indication of flame holding near the injector face. Consequently, very
high mixture ratios (>1.4) were required for sustained combustion, which

occurred in the recirculating gases.

Coaxial element oxidizer post tip flame holding is not significantly affected

by post tip dimensions or inflow velocity in the ranges characteristic of the

SSME preburners, but sharply tapered tips are more susceptible to tip melt-

ing than are non-tapered configurations. Post tips which are flush to the

injector face or extended into the combustion chamber are less susceptible

to melting than are recessed tips.

Contributing factors to post tip erosion or melting appear to be hydrogen

flow separation at the taper angle vertex, and/or inadequate removal of heat

from the tip during propagation of the flame front from the oxidizer-rich

recirculation gases to the flame-holding zone.

Development of a coaxial-element ignition system for preburner applica-

tions is recommended, in which the flame-holding zones of the individual

elements can be directly ignited. This would preclude the need for a pres-

sure spike to slow propellant inflow velocities to a point at which the flame

can be propagated from recirculating combustion gases. Examples of

concepts which might be investigated are: (1) use of a type of spark igniter

in which the oxidizer post of the coaxial element and the injector face plate

are the electrodes, with the spark forming across the fuel gap, and

(2) utilization of a catalyst plated to the post tip to promote ignition. With an

ignition system which ignites the flame-holding zones, the combustor would

start at the very low mixture ratios without pops or hard starts, resulting in

enhanced turbine blade life. In addition, overheating of the post tip by
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backflow of combustion gases, with subsequent melting/erosion of the post

when LOX flow resumes, would be eliminated.
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APPENDIX A

COMPUTER SIMULATION OF FLAME HOLDING

INTRODUCTION

This appendix, which has been published (Ref. A-l), describes a detailed computer simu-

lation of the reaction flow field downstream of a typical coaxial injection element, such as

these used in the SSME preburners, by use of ARICC.

Earlier experimental and analytical evidence suggests that, after ignition, the flame at-

taches itself to the oxidizer post tip, using its blunt trailing edge as a flame holder. It is

desirable that the post tip be tapered to minimize pressure losses, and that small injection

elements be used to minimize product gas temperature nonuniformity. Both measures tend

to decrease the area available for flame attachment, which make ignitability more difficult.

The present study was an effort to gain insight into the flame-holding mechanism of oxy-

gen/hydrogen systems and to delineate the key factors pertaining to the sustainability and

ignitability of coaxial injector flames. Results of a parametric study of the effect of varying

injector tip size and other flow variables are presented. In all the cases simulated, flame-

holding was observed. The importance of the HO2 and H202 radicals and of third body

reactions was confirmed.

DESCRIPTION OF COMPUTER CODE

The combustion/flow code used in this analysis was ARICC, which was derived from the

Los Alamos CONCHAS-SPRAY codes, as described in the body of this report. ARICC first

considers the species changes and heat generation due to chemical reactions for each

computational cell and supplies the results as source terms to the mass and energy con-

servation equations. It simulates perfect gas, multi-species flow, with chemistry repre-

sented either by a set of equilibrium reactions or a set of Arrhenius-type, finite-rate, kinetic

reactions, or both. For this study, kinetic reactions had to be used, since equilibrium

chemistry always guarantees establishment of a flame, and does not permit modeling of

processes such as transient flame propagation or blowout.

Table A-1 lists the 22 kinetic reactions involving eight chemical species and including

seven third-body reactions, which were used in the model. All are elemental reactions with

rate constants that are consistent with a wide range of experimental data. For each reac-

tion, r,
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$. HO2 4. H

2. HO 2 4.H

3. HO 2 4. H

4. HO 2 + O

5. HO 4. OH
2

6. II 2 4. 02

7. H20 + H

B. H20 4- O

9. H202 + H

10. H O + II
2 2

11. HO +O
2 2

12. H O 4. OH
2 2

13. H202 + 02

14. H 4.0
2

15. O 4. H

Table A-1. Kinetic Data in

E,action Qn a _ E4"

Bimolecular

• H2 + 02 30,850 0 347

• 1120 4. O 31.543 0 503

- 2OH 32.642 0 503

- OH 4. 02 30.627 0 O

• H20 4. 02 30.339 0 0

• - 2OII 28,547 0 19,626

• H2 4. OH 22.227 +1.3 9,466

- 2OH 23.496 4-1.14 8.106

- 1102 4. II 2 28.162 O I.Hu!

• H20 4. OI1" 33.399 0 4.509

. HO2 4- OH 29.934 0 0

• HO 2 _ 1120 29.934 O q06

- 21102 31.315 0 21,451

- OH 4. H 23,614 4..1.0 4,484

• OH 4. O 33.025 0 8,469

Third Body

l&. 02 + H - HO2

17. 2H . H2

lB. OH # H • H20

19. H202 - 2OII

20. H 4. O - OII

21. 02 - 20

22. OH 4. O • HO2

ARICC Model

$oucco

Ref. No.

A-.';

/t-3

A-3

A'3

4-f

A._t

A.V

A-3

A'$

42.279 -o.8 o A-_

39.039 -0.6 0 _'J

5z.44s .2.o o _.¢

4o.z14 o 22.you A-_

36.84z o o _-t
36.174 O 57,870 J-_

39.144 o o A-_

Third-Body Factor! _ kr

I H20 - 6.O, H202 - 2.7.

02 - 0.4. all others - 1.0

all - !.0

'_ Xk k'_ bkc Xkk akc "

the reaction rates are expressed as

,_n kfr ,, .On cr _- s_._n T - E+/T

(A-I)

(A-2)

and

_n %t" • _n kfr - .On I<r
c

= _n kfc - lj_n I(cp- L1nc ._n (RT) (A-3)

where

(A-4)
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The pressure equilibrium constant for each compound, k, is curve-fitted into expressions
of the form:

I, Kpk.^_,,-_,.,,,÷.C+D._.Z._2
(A-5)

where i" = T/1000 (K) with five coefficients. If the reaction is a third-body reaction, then

the net rate is further multiplied by a third-body correction factor:

r

(A-6)

where Wk is the molecular weight for the kth compound and _r = 1.0 for bimolecular

reactions. Otherwise,

Pk

where 13kr are the third-body collision efficiency factors for compound k. Values for all the

pertinent coefficients are listed in Tables A-1 and A-2.

Table A-2. Pressure Equilibrium Constants

$pecLes No.

1. 02

2. HO2

3. H202

4. H20

5. H

6. H2

7. 0

8. OH

0

-1.35956

-1.23148

-1.35739

0.856974

0

1.07939

0.280684

Curve-FLL CoeffLcienLs (see Eq. S)

Not _.: K in at mosph_w'es
pk

0

- 0.60262

15.81S5

28.7238

-25.9703

0

-2q.6158

• 4.61932

0

- 5.64292

-12.3142

- 5.86313

6.16142

0

7.4/4L4

2,10813

0

0.6783L7

0

0.319037

-0.0990311

o

-0.409908

-0,336t92

0

-0.0513026

0

-0.0092087

0

0

0.0303986

0.0330523
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Difficultieshave been encountered in some previous studies when hydrogen/oxygen chem-

istry was modeled with only kinetic reactions. Consequently, the first phase of the present

study was a verification of the chemical model by comparison with a one-dimensional,

industry-standard chemical code (Generalized Kinetics Analysis Program, GKAP,

Ref. A-6). This verification involved comparison of ARICC and GKAP calculations for a

single column of cells (i.e., a single stream tube). Since both codes used the same reac-

tion set and rates, thermodynamic data, and flow field, any differences between the results

could be attributed to different numerical techniques. The test case was a premixed O2/H2

stream with kinetics similar to those of the flame-holding investigation.

GKAP numerically integrates the mass, momentum, and energy conservation equations by

marching in a one-dimensional time/space coordinate. Diffusion in the axial direction is not

included. Implicit numerical techniques are used to ensure numerical stability in solving the

kinetic terms, and a variable step size is determined automatically to minimize numerical

errors to a preset level. Initial ARICC results showed substantial disagreement with GKAP

temperature and species concentration profiles. Analysis of the ARICC calculations

showed that at certain spatial locations, species concentrations were oscillating with time,

and that the amplitude of the oscillation also varied with time. These oscillations were

caused by the numerical techniques used. To determine the average time-step net reac-

tion rate, the original ARICC scheme solved Eq. (A-6) with forward difference equations,

using limiters to ensure that the reactant or product concentrations did not become nega-

tive. The problem with this technique was that at the start of the time-step, the reactant

concentrations could be greater than at equilibrium and, at the end of the time-step, less

than equilibrium. To correct the overshoot problem, the following refinement was made.

Since ARICC solves each reaction independent of the other reactions, the average time-

step net reaction rate of Species A was defined as

.- 1 / t÷_t
% •_ t " _A_t (A-8)

where

13

_)A -kf (pA)(PB) B n
- , _ (pc) (po)o (A-9)

This equation can be integrated to yield

A-4



where a, b, and c depend on the type of elementary reaction involved (i.e., dissociation,

recombination, or bimolecular). Similar equations were defined for other species. The ad-

vantage of Eq. (A-10) is that, as the time-step size gets large in comparison to the reac-

tion characteristic time, equilibrium conditions are approached. Thus the solution method

is stable.

Incorporation of this technique into ARICC yielded temperature and concentration profiles

very similar to the GKAP results. Isolated point discontinuities (spikes) were still present in

the fast reaction zone; analysis showed that they were caused by the fluid dynamic finite

differencing technique used, which was a combination of upwind and central differencing,

and not by the kinetic expressions. Changing the method to pure upwind differencing

eliminated the discontinuities without affecting the overall quality of the results. The calcu-

lated GKAP temperature profile and three different ARICC calculations, with different cell

sizes, are shown in Figure A-1. Agreement between the codes was very good for the

small cell size, but as the cell size was increased, ARICC predicted faster ignition and a

higher initial temperature increase rate. To determine whether the ARICC results were

approaching the GKAP calculation as the cell size was decreased, the location of a given
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temperature versus the number of cells (total length divided by cell size) was plotted. This

plot (Figure A-2) has the expected asymptotic limit.

The mass fractions of the hydrogen atom, oxygen atom, hydroxyl radical, and

hydroperoxyl radical are shown in Figure A-3. Again, the agreement between the two

codes was very good.

The temperature and concentration profiles are controlled by two different kinetic paths. At

low temperatures, the hydrogen reacts and produces substantial amounts of hydrogen

peroxide and hydroperoxyl radicals. This path consumes hydrogen atoms and tends to
slow the over reaction rate.

2OH----_--H202 OH + O_HO 2

2OH----D--HO 2 + H,,,,,_.....4_H + O2--.._,--HO 2

As the temperature increases, the peroxyl species are destroyed by dissociation to lighter

radicals and the main combustion mechanism becomes the chain sequence

H + O2_OH + O'_'-'_O + H _OH + H

¢o 150
Q

X
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° 1110-_ ,
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Since this chain produces two hydrogen atoms for each one destroyed, combustion pro-

ceeds extremely rapidly once the chain mechanism starts.

Both mechanisms were important in the cases simulated in this study. For the one-

dimensional calculations, the peroxyl mechanism dominated at the flow inlet and in the

combustion chamber until the temperature rose to a value at which the chain mechanism

dominated. For the flame-holding calculations, the chain mechanism dominated at the

flame location but the peroxyl mechanism was important near the oxygen jet.

Table A-3 lists the data matrix of the flame-holding, axisymmetric, numerical simulations.

The variables examined were grid resolution, laminar versus turbulent flow, effect of post

wall heat transfer, increased inflow velocities (at constant mixture ratio), and post tip land

width. Flame holding was observed in all cases.

To make the parametric studies economically feasible with the extremely fine grid neces-

san/to resolve the features of interest, a two-tiered approach was adopted. First, a rela-

tively coarse grid model (Figure A-4) of 30 x 50 cells (six cells across the post tip and

eight cells each across the center post radius and across the annulus) was created to

cover the entire injector flow field to a radius of 0.309 in., where an imaginary free-slip

wall was imposed, and downstream to a distance of 6 in. from the faceplate, where a

constant pressure boundary was imposed. A law-of-the-wall boundary layer treatment

was specified on all solid surfaces. The simulation was started at time zero with stagnant

hydrogen in the chamber and carried through approximately 10 ms to steady state. A

"spark" energy source was then placed near the injector tip to raise the temperature of

Table A-3. Parameters for Flame-Holding Simulations

_12-- WH2 0.01 lb/sec, Pc = 100 psia

Run He.

1

(Benchmark)

2

3

4

5

7

8

Cup Grid Size
46 x 25 34 x 25

X

X

X

X

X

X

X

X.

Hess Flowrete

(reletive to
benchmark

100% 125% 150%

X

X

X

x

x

x

x

x

*Also run wLth ambtent inflow temperatures

Tip Land Width,
Inches

O.O125 0.0063 0.0016

X

X

X

X

X

x

X

X

_nto cup

"Purbulence

Yee NO

X

X

x

x

x

x

X

x

Tip Well

Heat Trangfe_

Yes No

X

X

x

x

X

X*
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CUP REGION MODELED '
WITH FINE GRID

Figure A-4. Part of 30 x 50 Grid used for Initialization Runs

several computational cells to 3000 K to ensure initiation of a flame. An isotherm plot of

the steady-state solution is presented in Figure A-5. In this plot, the injector post is also

given a prescribed wall temperature profile which increases linearly with downstream dis-

tance from ambient temperature at y = 0 to 1500 K at the tip. (Post tip discoloration, which

occurs somewhat below 1500 K, was observed in some flame-holding tests.) In thermal

equilibrium, heat enters the post at the tip and preheats the propellants upstream, resulting

in a clearly discernible thermal boundary layer.

In the second step, a very fine grid was constructed for the cylindrical volume of the cup

recess region only. The solution from the larger model was used to supply both the inflow

and outflow boundary conditions, as well as the initial flow field. No artificial energy

sources were added. All the parametric variations were then done with this grid. Residence

time of the gas in the cup, based on the slower oxygen inflow velocity, was approximately

18 p.s. At a time-step of 13 ns (automatically determined by stability requirements of the
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Figure A-10. Temperature and H20 Mass Fraction Contours of Baseline Case,
34 x 25 Grid

cases, gases entrained into the recirculation come from the very thin layers outside the

recirculation zone which are already heated. The lack of resolution in that region causes

the thin hot layers to mix with the colder gases further out.

The laminar case showed no distinctive differences and thus will not be discussed in

detail. Figure A-11 illustrates the effect of increasing the inflow velocities without changing

the geometry or the inflow species densities. Basically, it resulted in an elongation of the

recirculation region and a thinning of the shear layers. Figure A-12 shows the effect of

decreasing the post tip width. This was accomplished in the simulation by converting more

of the tip solid wall boundary into inflow cells, "stretching out" the inflow velocity, tempera-

ture, and density profiles to cover the larger annulus diameter, and proportionately reduc-

ing the velocity magnitudes so that the total mass flow remained approximately constant.

As expected, there was a gradual merging of the transverse features as the tip narrowed.

For the narrowest tip case, only three solid cells traversed the tip, causing the streamwise

dimension of the recirculation to shrink so much that it became unresolved by the grid in

the y-direction. Interestingly, the flame remained attached despite the disappearance of

the recirculation zone.

As another variation on the narrow tip case, the injector post tip was changed to an

adiabatic wall (instead of a 1500K wall). The incoming oxygen/hydrogen streams were

also re-initialized to take on energy levels that corresponded to ambient temperatures, with

attendant increases in density and reductions in velocity to maintain the same pressures
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and flowrates. The net result of the changes was minimal; the peak temperatures were, in

fact, slightly higher than in the case of wall heat transfer.

At 100 psia, the auto-ignition temperature of a well-mixed oxygen/hydrogen stream is

around 900K. Thus, with cold (or adiabatic) walls, a diminishing post tip width, and in-

creasing inflow velocities, it would appear that eventually the flame has to blow off the tip.

However, the current inflow velocities already imply high subsonic velocities upstream at

the injector inlets, and it is unreasonable to increase the velocities beyond the 150%

benchmark values tested in the current simulations.

Because of the fact that flame holding was observed under all conditions tested or simu-

lated, the objective of pinpointing the flame-holding criteria has not yet been accom-

plished. To obtain such criteria, it appears necessary to extend the range of test condi-

tions much further. The speculation that hydrogen flow separation at the start of the post

taper may help anchor the flame was investigated in a case in which the fine grid was

extended upstream of the taper angle vertex. No separation was indicated in this bench-

mark case simulation, as evidenced by the velocity vector plot shown in Figure A-13.
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APPENDIX B

NUMERICAL AND EXPERIMENTAL STUDIES OF ATOMIZATION

AND MIXING FROM A COAXIAL INJECTOR ELEMENT

PREFACE

This appendix is a reprint of a paper* which discusses the application of ARICC to the

description of a gas/liquid flow field produced by a single, coaxial, injection element flow-

ing water and a mixture of helium and nitrogen. Although this work was carried out as part

of a company-sponsored program, it is included here as an example of the applicability of

the ARICC computations.

*Liang, P. Y., and Varma, M., "Numerical and Experimental Studies of Atomization and

Mixing from a Coaxial Injector Element", 23rd JANNAF Combustion Meeting, NASA
Langley Research Center, Hampton, VA, October 1986.
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NUMERICAL AND EXPERIMENTAL STUDIES OF ATOMIZATION AND MTXING

FROM A COAXIAL INJECTOR ELEMENT

P. Y. Lian 8 and M. Varma

Rockwell InternationallRocketdyne Division

Canoga Park, California

ABSTRACT

The mixing efficiency of coaxial injectors is an important performance parameter in oxygen/hydro-

sen liquid rocket engines. This paper describes a numerical study carried out to analyze the liquid

mass flux distribution profiles downstream of a coaxia_ injector and comparison with cold-flow exper-

imental results. The actual experiment is done using water and a gaseous mixture of nitrogen and

helium, the latter being added to achieve sufficiently high gaseous injection velocities at reduced

pressures as well as to help differentiate between the injector flow and the faceplate flow. Sampling

probes and pilot tubes are used for measurement. On the other hand, the numerical simulation is done

using the three-phase (liquid, gas, and spray particles) Advanced Rocket Injector Combustion Code

(ARICC). Although its chemistry model is not turned on here, the code still provides a unique capa-

bility to describe the entire atomization, drop dispersion, and drop-gas interaction processes.

Transverse m_xture ratio profiles are evaluated and the experimental and numerical, data compare

favorably with each other at a given set of atomization conditions. Furthermore, parametric varia-

tions of several _nput parameters in the atomization model of the code give insight into their impact

on the spray-characteristics. The parameters thus _nvestigated include the initial drop Sauter mean

diameter, the initial drop radial velocities, and the turbulence time scale of the stochastic drop

turbulence model. This portion of the study represents the first step toward understanding of the

proper formulation of semiempirical models describ_n_ the crucial atomization procesR in liquid

injection.

INTRODUCTION

Coaxial injectors, such as those used in

the Space Shuttle Main Engine (SSME), operate

on the principle of high shearin 8 stresses

breaking off ligaments from the surface of the

central liquid jet. These ligaments then break

up and form into globules or droplets, which

may undergo a secondary breakup further down-

stream. The larger the velocity _radlent

between the annular gas and the central jet,

the more efficient this atomization process

becomes. Thus, a Cup recess configuration

(Fi_. I) is oft.n used to delay the expansion

of the gaseous stream to heighten its shearing

action. On the other hand, once the droplets

are formed, the combustion process becomes ex-

tremely s_ns_tiv_ to their d_strlbution and

their trajectories, as each droplet acts Is a

concentrated source of fuel or oxidizer. Such

droplets may vaporize explosively, and _nten-

sively exothe_mic reactions usually take place

in the immediate vicinity of the vapor _lobule.

INFLOW _1
ORIFICE _'

SRAZED_JOINT

OXIDIZER.

POST
--FUEL

SLOTS

j FUEL

SLEEVE

CMPRECESS

(A) PROTOTYPE (CASE I) (B) PRODUCTION (CASES It AND III)

Fi_. i. Schematic of SSME Injector Elements

Thus, to achieve an acceptably uniform temperature profile in as short a distance downstream as pos-

sible, it is desirable to have good radial penetration and distribution of the droplets. The impor-

tance of droplet mlxing efficiency is reflected (n Fig. 2 (taken from Ref. I) where plots of charac-

teristic velocities for d{fferent impin8in& jet _njectors are shuwn. The impiled difference in mlxin&

efficiency caused by the different seometr{c arrangements results in markedly different thrust cham-

ber output, although none has reached the theoretical maximum for any Eiven equivalence ratio.

The aLomization process and the subsequent turbulent d_spersion of droplets _re so complex that

up to now they have been described only empirically, and even so only very ct-udely. The advent of

modern computational Fluid Dynamics models, especially those that hand]_ multiphase flow, promises

the potential of direct simulation of such phenomena. However, s_nce the physics of such phenomena

are not well understood, the models themselves need to be developed through careful verification with

experiments. In the present paper, a first step toward construction of such models is taken. The

Approved for public release; distribution unlimited.
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objective of the study is twofold: (I) to delineate the effect on spray characteristics and mixing

efficiency of several atomization and turbulence parameters, including mean initial droplet size,

initial droplet radial velocity, droplet dispersion turbulence time scale, and gaseous phase turbu-

lence level and (2) to compare the mixing efficiency as reflected in mass influx profiles between

numerical predictions and a cold-flow experiment for a given set of parametric values in the numer-
ical model.

EXPERIMENTAL METHOD

A cold-flow program was conducted employing the SSME

oxidizer and fuel preburner elements to establish their

mixing characteristics. The subscale experimentation with

a unielement injector was accomplished in a special gas/

liquid cold-flow test facility (Fig. 3). Testing was con-

ducted in a pressurized chamber using water as a slmulant

for liquid oxygen and a mixture of gaseous nitrogen and

helium to simulate the higher injection density hydrogen

(high pressure hot fire condition) at much lower pres-

sures. The single element was tested in a 3-inch diameter

chamber, and a "base bleed" flow of gaseous nitrogen was

used to suppress reclrculation. The measurement technique
employed in these tests was the standard "impact probe"

method incot-porating a large pilot tube that serves both

as a total pressure measurement device and as a collecting

device for the liquid spray. The total pressure is used to

compute gas velocity and gas mass flux, and the rate of

liquid collectlon to compute the liquid mass flux. Such

measurements at key positions of the spray field facili-

tate the mapping of mass flux and mixture ratio distribu-

_'-/'_,.,_-"_-,_ INJECTOR
ELEMENT _ I--_-- [] J ."T'L-'dJ"- MODEL
FLOW _--_-_--" "i I TRANSPARENT

I I _7_,,_ ; _ CHAMBER
_ _ __ J_LPROSE

STAT'%_'.I : .--,_I i_.._ LI (PIT""'_ OT)

PROSE J_',rlll I"_ -."I
VELOC'TV'--"_IIttll I I sPEc'ES

HeAO L_ j L.._ "_ZER

lions from which mixing efficiencies can be evaluated. Fig. 3. Experimental Setup for Cold-Flow

The sampling plane was chosen at an axial distance of 2.0 Mixing Measurements

inches from the face representing 10 LID. Then radial

sampling areas with centers O.1 inch apart was increased with the two-phase sampling isostatic probe

of 0.125 inch in diameter. To dete_ine azimuthal variation, four angular measurements for each

radial area were also taken. The injected gas flux through the fuel sleeve was separated from the

total gas flux (base bleed + fuel sleeve) by measurements of the test helium percentage in the sample

area as compared to the injected helium percentage. The validity of the sampled data set was deter-

mined by computing a collection efficiency for each fluid. The collection efficiency is defined as

the ratio of the mass flowrate of each fluid computed from the measured fluxes to the actual injected

mass flowrate. Collection efficiency of 1.07 (liquid) and 1.15 (gas) were evaluated from the raw data

and judKed to be acceptable within the limits of experimental error. The raw data were further re-

duced by averaging out the azimuthical dependence over their respective collection areas to result in

an experimental curve representing the liquid and gas fluxes.
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Recirculation and entrainment of gases from outside the spray region appears to be the major

experimental problem in conducting gas/liquid mixing tests. The problem can be circumvented in most

cases by the incorporatlon of a curtain of flowing gas around the injector to suppress recicculation.

However, I0 times the flowrate of the injected fuel gas (fuel sleeve) is required of the curtain flow

even at moderate pressure. Furthermore there is also concern that the curtain gas may retard the

spreading of the spray. It is believed that this large curtain flow is the major source of error in

the experimental�numerical results comparisons for the gaseous mass fluxes especially toward the
centerline.

THE NUMERICAL MODEL

In the present study, the ARICC spray combustion code (Ref. 2) has been used, although the combustion

chemistry capabilities of the code were not utilized. In addition to solving the full axis)nm_etric

Naviec Stokes equations, the code uses a modified VOF (fractional Volume of Fluid) technique to keep

track of a liquid jet and its interface with the gas. Along the interface, semiemplrical expressions

are used to describe the atomization process by supplying the local atomization rate and drop sizes.

The former is given by:

I _(P_ Or2)21 113

where

O r = relative shearing velocity

(1)

D. = diameter of the liquid jet
3

_y = streamwise length of the segment under consideration

which is taken from Ref. 3, and the initial drop sizes ace distributed uniformly (in number) among

five size groups with diameter to mean diameter ratios of 0.198, 0.759, 1.0, 1.23, and 2.30 (Ref.

4). In addition, the droplets are assigned an initial radial speed, and a tangential speed approxi-

mately equal to the local gas tangential speed. Furthermore, ARICC uses a random walk (Ref. 5) turbu-

lence model for dispersion of the droplets based on a Gaussian distribution of local gas velocity

perturbations. The instantaneous gas velocity acting on the particle is taken as

-_ -_ 112
u = Ume" + _ sign cA..) err -1 (IAI, I"l) (2)

where f is a kinetic turbulent energy level specified as a fraction (tFplcally 10%) of the mean flow

kinetic energy and A, B are random numbers selected from the range (-I, +I). The velocity is supposed

to act for a duration equal to the turbulence time scale 7, another input parameter.

In the gaseous phase, an eddy viscosity turbulence model is used such that

.g = "lam + 1_/"_ pgkDA2 Ildef_ll (3)

where A is a length scale of the computational cell and k D is the input turbulence parameter. A

series of runs with conditions corresponding to the cold-flow experiment described above was made.

However, several numerical parameters were varied to determine their impact on the spray characteris-

tics. Their ranges are listed in Table 1.

Table I. Ranges of Variation of the Input Parameters

Pertaining to Atomization

Initial Mean Drop Size, microns

Initial Drop Radial Velocity, fps

Drop Dispersion Turbulence Time Scale T , seconds

Gas Phase Turbulence Parameter, k D

25 to 200

25 to 200

10 -7 to 10 -3

0.08 to 0.17

RESULTS AND DISCUSSION

THE PARAMETRIC STUDIES

Figures 4, 5, and 6 show the effects of varying the initial mean drop size, initial radial vel-

ocity, and turbulence time scale, respectively, on the liquid mass flux profiles. As expected,
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increasing the mean drop size, the radial velocity, and the turbulence time scale all have the effect

of spreading out the liquid mass flux distribution. Qualitatively, the characteristics are manifested

in the computer-generated spray pictures in Fig. 7. For very fine drops, almost all of them remain

confined around the centerline, as they carry little outward momentum to penetrate the high energy

sheath of the annular flow. Larger drops of 100 microns (Fig. 75) do this much more effectively,

with the largest ones going out the furthest. In Fig. 7C however, the spreading is enhanced through

another mechanism--by ways of the gaseous eddies, which act more effectively on the smaller droplets.

(Larger T corresponds physically to larger gaseous eddies.) Figure 8 Contains another representation

of the effect of T on the spray structure. A sample of droplets is plotted with their radii versus

the radial distance from centerllne. At low turbulent dispersion level, there is an almost linear

relationshipbetween drop size and radial penetration. With greatly increased turbulent dispersion,

some small droplets are carried far into the outlying areas. Thus, it appears that turbulence may be

a more desirable means of achieving unifot-m mixing than increasing the drop size, although the situa-

tion will be much more complicated when rapid evaporation and combustion are present.
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(C)

Fig. 7. ARlCC-Generated Plots of Coaxial Spray Structures
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Fig. 8. Samples of Instantaneous Droplet _adlus vs Radial Location
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COMPARISON WITH EXPERIMENT

The (axial) mass flux radial profiles comparisons between simulation and experiment are presented

in Fig. 9. Based on the best physical estimation, the numerical case with input parameters of

dmeen = I00 microns, Uradlal = I00 fps, and T = I x 10 -5 second is chosen for comparison. As can be

seen in Fig. 9A, the liquid profiles compare remarkably well. For the annular gas flow, however, the

numerical model seem to over-predict the mass flux toward the centerline. Much of this discrepancy,

however, can be attributed to the difficulty in distinguishing the annular gas flow (composed of

helium and nitrogen) from the much larger "base bleed'" flow (of pure nitrogen) and the resulting in-

accuracy for the experimental curve in Fig. 9B. The situation is made clear in Fig. I0, where the

relative magnltudes-of the faceplate bleed flow and the actual annulus flow are made apparent. For-

tunately, the annular area corresponding to each data point gets less as one moves toward the center-

line, and hence the significance of the particular measurement toward the overall mass flowrate

becomes less. Indeed, if one plots the annular mass flowrate versus radial distance rather than the

mass flux, the agreement between numerical prediction and experiment becomes much better (Fig. ll).

Finally, Fig. 12 is the cumulative plots of the same information.
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Fig. 9. Comparisons of Numerical and Experimental Mass Flux Profiles

Based on the above discussion, the followin 8 conclusions can be drawn about.the study:

I. Despite the inherently unsteady nature of both the experimental spray and the numerical simu-

lation (which tracks Lagrangian droplet groups), sufficient sampling rates seem to have been

available for determination of a steady-state distribution of mass fluxes.
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2. The gaseous phase measurements are less accurate than the Liquid phase measurements because of

the effect of the lar&e base bleed flow, which is necessary to suppress recircuLation entrain-

ment unavoidable in a closed-container experlmental set.up.

3. With the set of atomization model _nput paramet.ers taklnl_ on values that correspond to the

most reasonable physical estimates, good agreement Ls obt.ained between measurements and pre-

dictions, thus substantiating the basic validity of the numerical model for predictien in

other regimes.

FUTURE WORK

The preliminary study reported" herein has opened up the way to systematic and rigorous develop-

ment of atomization models for use in CFD combustion codes. Obviously much more experimental anchor-

ing of the empirical parameters need to be done, especially with evaporatin8 sprays in a hot flre

(high pressure) environment. The extrapolation of the experimental cold-flow mixing results t<_ the

assessment of mLxin_ effLciencies in operating combustors is hishly questionable (Ref. 6). However,

these results are useful for comparison with the anchoring of the spray combustion models. Also,

more advanced measurement techniques such as Drop SLzin_ Interferometry (DSI) need to be developed

and refined for the measurement of denser sprays where drop collisions may be important. Unfortun-

ately, the dense spray regime is where most liquid rocket engines operate. NumericaLly, even more

B-9



detailed work studyin& the physics of drop fo_ation from a liquid should be done to _ the

value and trend of the empirical parameters. This can now indeed be done utilizing the multiphase

capability of the ARICC code, and work has been initiated with the development of surface tension

models and droplet dynamic simulations.
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